The mammary gland is a dynamic organ that undergoes extensive morphogenesis during the different stages of embryonic development, puberty, estrus, pregnancy, lactation and involution. Systemic and local cues underlie this constant tissue remodeling and act by eliciting an intricate pattern of responses in the mammary epithelial and stromal cells. Decades of studies utilizing methods such as transplantation and lineage-tracing have identified a complex hierarchy of mammary stem cells, progenitors and differentiated epithelial cells that fuel mammary epithelial development. Importantly, these studies have extended our understanding of the molecular crosstalk between cell types and the signaling pathways maintaining normal homeostasis that often are deregulated during tumorigenesis. While several questions remain, this research has many implications for breast cancer. Fundamental among these are the identification of the cells of origin for the multiple subtypes of breast cancer and the understanding of tumor heterogeneity. A deeper understanding of these critical questions will unveil novel breast cancer drug targets and treatment paradigms. In this review, we provide a current overview of normal mammary development and tumorigenesis from a stem cell perspective.
Introduction
The mammary gland distinguishes itself from other organs since much of its development occurs after birth, allowing for adult developmental studies. Postnatal development of the mammary gland comprises stages of ductal morphogenesis, alveologenesis, lactation and involution, and is regulated by a complex interplay of systemic hormones (notably estrogen, progesterone and prolactin) and local growth factors. The observation that the mammary gland exhibits plasticity through multiple cycles of pregnancy, lactation and involution, accompanied by dynamic changes in proliferation, differentiation, cell death and tissue remodeling, suggested that there exists a renewable stem or progenitor cell population underlying these processes. It was not until the development of the cleared mammary fat pad technique by Deome et al. (1959) that it was possible to determine the ability of specific cells to effectively self-renew and differentiate to reconstitute the gland upon transplantation into an epithelium-free fat pad. This technique was originally employed to investigate whether hyperplastic alveolar nodules were the precursors of mammary tumors. Subsequent studies by Charles Daniel adapted the assay to probe for stem cells and revealed that any portion of the mammary ductal tree could regenerate the entire mammary gland, suggesting that mammary stem cells (MaSCs) were distributed throughout the ductal network . The transplanted cells responded appropriately to the hormonal environment and were able to functionally differentiate into milk-producing structures. Furthermore, serial transplantation studies using small intact pieces of mammary tissue revealed that the transplanted cells had a finite lifespan and eventually exhibited senescence in contrast to the unlimited division potential of the precancerous lesions (Daniel 1975) . Additional advances involved the morphological characterization of putative MaSCs by Smith and Medina based on their pale nuclear and cytoplasmic staining properties (Smith & Medina 1988) .
It was not until hematopoietic stem cell-based experimental approaches were applied to the mammary gland that significant progress occurred in characterizing specific stem and progenitor cell populations within the mouse and human mammary glands. These studies involved methods for dissociation of mammary tissue followed by fluorescence-activated cell sorting (FACS) of cells labeled with specific antibodies against cell surface antigens, allowing for the functional analysis of particular cell populations using both in vitro colony formation and in vivo limiting dilution transplantation assays (Stingl et al. 2001 , Welm et al. 2002 . Although technical differences existed in these studies, e.g., the sites of transplantation in the cleared mammary fat pad for mice versus the kidney capsule for humans (Eirew et al. 2008) , they collectively illustrated the similarity of the mouse and human luminal stem cell hierarchy (Shehata et al. 2012) . Mammosphere assays were developed as a surrogate in vitro stem cell assay for the mammary epithelium (Dontu et al. 2003) , modeled after in vitro neural stem cell-based assays where stem cells were resistant to anoikis and proliferated under suspension conditions. The assumption on which many of these studies were based was that cells dissociated from their tissue context would retain cell autonomous properties similar to those observed in the intact tissue. The holy grail of these studies was the eventual demonstration of the ability of a single cell to reconstitute the entire functional mammary gland following transplantation as had been previously predicted (Kordon & Smith 1998) .
Analogous to the elegant genetic studies performed in the Drosophila eye, where cell-autonomous and non-cellautonomous interactions can be carefully analyzed in chimeras, the mammary gland provides a unique mammalian modeling platform for phenotypic evaluation of genetic alterations in vivo. Taking advantage of mouse genetics and the availability of wild type (WT) and knockout cells, a series of seminal experiments performed by Cathrin Brisken and colleagues have shown that progesterone receptor (PR)-positive cells can rescue PR-null cells to facilitate alveolar development, and similarly, that estrogen receptor alpha (ERa)-positive cells can rescue ERa-negative cells to facilitate ductal morphogenesis, both mediated by paracrine mechanisms (Brisken et al. 1998 , Mallepell et al. 2006 . These studies were based upon earlier observations that ERa/PR C cells did not proliferate in mature ducts (Clarke et al. 1997 , Russo et al. 1999 , Seagroves et al. 2000 . Intriguingly, the analysis of an enriched population of basally-located MaSCs exhibited a lack of ERa and PR expression ), yet recent studies have illustrated the importance of steroid hormones for MaSC function (Asselin-Labat et al. 2010 , Joshi et al. 2010 . Transplantation of a single ERanegative MaSC should, therefore, a priori not be able to give rise to a mammary outgrowth unless it were able to undergo asymmetric division and ultimately give rise to an ERa-positive luminal cell, which indeed studies have now shown to be the case.
The mammary fat pad transplantation assay has proven essential for the assessment of stem cell capacity relating to gene-specific loss-or gain-of-function studies and the assessment of self-renewal and differentiation phenotypes. Importantly, lineage tracing has unveiled distinct differences in transplantation versus in situ developmental potential of MaSCs, where the lineage commitment and developmental competence of basal cells is strongly influenced by luminal cells, highlighting the importance of considering whether single cell types or interacting populations should be utilized in the transplantation assay (Van Keymeulen et al. 2011 , van Amerongen et al. 2012 , De Visser et al. 2012 . Indeed, this is reminiscent of the scenario in the intestine where a single Lgr5 C stem cell is able to give rise to organoids ex vivo, presumably through early asymmetric divisions, but forms organoids more efficiently when cultured together with a niche supporting Paneth cell (Sato et al. 2011) . While paracrine communication between luminal and basal epithelial compartments is essential, stem cells are also highly dependent upon their direct interactions with the microenvironment (Inman et al. 2015) . Additionally, the transplantation of tissue fragments versus dissociated single cells should also be considered, where unlike the transplantation of intact pieces of mammary tissue, single cells injected into the mammary fat pad require the ability to adhere and survive prior to engraftment -properties that are dependent on cell surface integrins. Such factors have been raised in recent studies that distinguish RANKL and Wnt4 functions on MaSC dynamics in vivo (Rajaram et al. 2015) , discussed later in this review.
A major impetus for the advancement of mammary gland stem cell biology was the first description of breast cancer stem cells (CSCs) primarily isolated from patient derived xenografts, using similar approaches that had been applied earlier by Dick and colleagues in acute myeloid leukemia (Bonnet & Dick 1997 , Al-Hajj et al. 2003 . In addition to a relatively small number of investigators initially focused on understanding the roles of stem cells in mammary gland development, numerous investigators have now entered the field, leading to an explosion of studies aimed at understanding the cell of origin of different breast cancer subtypes as well as the mechanisms responsible for therapeutic resistance and metastasis. Thus, the application of the stem cell paradigm to solid cancers and its potential importance in both etiology and treatment has led to a better appreciation of the potential mechanisms responsible for both inter-and intratumoral heterogeneity in breast cancer (Rosen & Jordan 2009 ). In the following review, we will discuss several of these concepts in detail by focusing primarily on the extensive work performed in mouse models of mammary gland development and tumorigenesis, while directing the reader to comprehensive reviews on studies concerning stem cells in the human breast (Petersen & Polyak 2010 , Visvader & Stingl 2014 ). Importantly, we will address how studies on stem cells during normal murine mammary development have helped inform our understanding of breast cancer.
Mammary stem cells in development
The murine mammary gland anlage is established from the ventral ectoderm as a result of inductive influences from the underlying mesenchyme. This occurs during embryogenesis at E12.5, at which point the rudiment is stably committed to the mammary lineage. The mammary rudiment continues to invade into the fat pad precursor until a primitive branched structure exists at E18.5 (Veltmaat et al. 2003) . This is accompanied by a concomitant expansion in the MaSC population termed fetal MaSCs (fMaSCs), which constitutes the earliest MaSC population (Spike et al. 2012) . fMaSCs can be enriched using the CD24 hi CD49f hi cell surface protein marker profile and may presumably be the same pool of bipotent MaSCs (K14 C /K8 C ) observed in multiple lineage-tracing studies ( Fig. 1 ; Van Keymeulen et al. 2011 , Rios et al. 2014 . Interestingly, the gene expression signature of fMaSCs differed significantly from the adult CD29 hi 24 C MaSCs (aMaSCs), yet had the capacity to give rise to fully functional, morphologically normal mammary outgrowths upon transplantation. The discordance between the fMaSC and aMaSC gene signature could be partially attributed to the fact that fMaSCs are not yet restricted into basal and luminal lineages. This study also unveiled several reciprocal gene expression patterns in the embryonic bud and the fetal stromal environment further elucidating the paracrine interactions thought to occur early during mammary development. Furthermore, the enrichment of stem cells as measured by stem cell frequency upon limiting dilution transplantation was about fourfold higher using fMaSC markers as compared to aMaSCs (*Frequency Z1/14 compared to 1/50 in the aMaSC population in this study) (Spike et al. 2012) .
The rudimentary branched mammary structure at birth remains seemingly dormant until the initiation of puberty at about 3 weeks of age. The spike in estrogen levels that accompanies puberty manifests in a burst of proliferation and resultant bulbous structures termed terminal end buds (TEBs) at the distal ends of the mammary ducts. The TEBs are thought to drive the growth and arborization of the ducts throughout the mammary fat pad as a consequence of resident cells undergoing several rounds of cell division (Hinck & Silberstein 2005) . The TEB is composed of a single outer layer of cap cells and underlying multilayered body cells that are the precursors to the adult mature K5
C /K14 C basal layer and K8
C /K18 C /K19 C luminal layer respectively. Interestingly, early studies also demonstrated that the rapidly dividing epithelial end bud structures in rats are the targets of dimethyl benzanthracene-mediated mammary carcinogenesis, emphasizing the importance of a deeper understanding of this developmental stage (Russo & Russo 1980) . A small proportion of cap cells have also been observed to migrate into the inner body cell layers and have long been hypothesized to be a potential pool of bipotent stem cells, i.e., cells capable of giving rise to both basal and luminal cells (Williams & Daniel 1983) . Based on the relatively undifferentiated ultrastructure of the cap cells in the TEB, these cells are a putative population of enriched MaSCs. Indeed, a stem cell-associated s-SHIP promoter-driven GFP reporter allowed specific isolation of the cap cell population that could efficiently repopulate fully functional mammary glands in a limiting dilution transplantation assay (*Frequency Z1/71 in s-SHIP C aMaSCs compared to 1/333 in the s-SHIP K aMaSC population in this study. However, in this experiment, the comparative frequency to the total aMaSC population was not determined) (Bai & Rohrschneider 2010 ). This population of cells was recently demonstrated to possess high canonical Wnt signaling activity, a hallmark of stem cells in multiple organs (Roarty et al. 2015) . Intriguingly, a protein in the Par family of polarity regulators called Par3L was identified in cap cells in the TEB (and at luminal tight junctions) and found to be crucial for the maintenance of stem cells (Huo & Macara 2014) . Whether these polarity proteins have a secondary role in orienting the different planes of cell division observed in cap cells (Regan et al. 2013) , similar to the role of the Par complex in Drosophila neuroblasts, remains unknown.
At the end of puberty, the TEBs disappear, resulting in the mature adult mammary gland, which comprises the epithelial skeleton upon which alveoli-like buds and alveoli form during the estrous cycle and pregnancy respectively. FACS allowed the identification and prospective isolation of aMaSCs based on their 
CD24
C CD29 hi /CD49f hi cell surface marker profile ). This population of aMaSCs is transiently expanded upon progesterone exposure during the diestrus phase of each estrous cycle and efficiently repopulates the mammary gland in limiting dilution transplantation assays (Joshi et al. 2010) . Additionally, the top 5% most brightly stained CD49f hi cells are thought to further enrich for aMaSCs . Based on the observation that the aMaSC population harbored label-retaining cells, RNA-seq for cell surface markers on the long-term label-retaining population revealed CD1d as a prospective marker of quiescent stem cells (dos Santos et al. 2013) . When used in combination with the CD24 C 29 hi basal/aMaSCs, CD1d was able to significantly enrich the stem cell frequency as scored by limiting dilution analysis (*Frequency Z1/8 in CD1d
C aMaSCs compared to 1/44 in the total aMaSC population in this study). Recently, Procr, a previously described CD44
C CSC-associated protein (Shipitsin et al. 2007) , has been identified as a Wnt pathway target and a novel aMaSC marker that also repopulates the mammary gland at a high frequency upon transplantation (*Frequency Zw1/12 in Procr C aMaSCs compared to 1/69 in the total aMaSC population in this study). Interestingly, these Procr C cells have a low keratin profile and some epithelial-to-mesenchymal transition (EMT)-like properties. The Procr C stem cells appear to be cycling but do not overlap with the transient cap cell population, suggesting that they may comprise another non-quiescent subset of aMaSCs. Also of note is that Procr C cells largely do not overlap with Axin2
C cells in the mammary gland, though both markers are canonical Wnt pathway targets, suggesting additional layers of complexity . Whether these Procr C cells constitute the progesterone-induced amplified aMaSC population remains unclear. Yet it is becoming increasingly apparent that multiple aMaSC populations might exist to carry out specific functions relating to the homeostatic and proliferative demands of the mammary gland.
Finally, alveologenesis and the priming of alveolar cells for milk production and secretion reflect pregnancyassociated changes in the mammary gland. There is an expansion in the MaSC population at mid-pregnancy that strikingly correlates with s-SHIP re-expression specifically in basal alveolar cells (Bai & Rohrschneider 2010) . These stem cells are distinct from the aMaSC population based on their gene expression signature and are thought to be poised for alveolar differentiation. Notably, a longlived population of alveolar parity induced-mammary epithelial cells (PI-MECs) is retained through gland remodeling post-pregnancy and is thought to initiate a new round of alveologenesis during subsequent pregnancies (Boulanger et al. 2005) . Lineage tracing using an alveolar-specific whey acidic protein (WAP) promoterdriven Cre demonstrated that PI-MECs contribute to the luminal layer but only to the hormone receptor-negative cells through multiple pregnancies (Chang et al. 2014) . This suggests the existence of separate pools of progenitor cells maintaining the basal and/or hormonal receptorpositive cells during pregnancy. Whether the existence of PI-MECs and the pregnancy expanded MaSC populations are coupled or independent remains an open question.
Thus, the mammary gland is thought to house multiple populations of stem cells that fulfill the requirement of self-renewal and differentiation into mature cell lineages. Do these stem cells exist in invariant stable states or do they exhibit plasticity induced by developmental cues, hormones and the microenvironment? The latter possibility has been suggested recently where a large percentage (w60%) of aSMA C cells display stem cell capacity upon single-cell dissociation and assessment by colony formation and limiting dilution transplantation (Prater et al. 2014) . Additionally, while some of the stem cell pools, e.g., fMaSCs, s-SHIP C cells and Procr C cells (Bai & Rohrschneider 2010 , Spike et al. 2012 demonstrate active cell cycling dynamics, others such as CD1d C aMaSCs display label retention and are quiescent in vivo (dos Santos et al. 2013) . Such a multiplicity of stem cell populations with different cycling dynamics has been observed in other organ systems (Li & Clevers 2010) , where a quiescent stem cell pool acts as a long-term reservoir that is co-opted following stress responses, e.g., wounding in the epidermis, whereas the proliferative pool is required to maintain normal tissue homeostasis. Whether the quiescent and rapidly cycling stem cell pools in the mammary gland are independently required or if they serve redundant functions remains shrouded in mystery. There is a pressing requirement for improved ex vivo models that recapitulate the entire gamut of mammary epithelial cell types, e.g., the organoid culture models developed for a number of other epithelial tissues (Sato et al. 2009) , to better dissect these mammary population subtypes and their crosstalk. Efficient ex vivo models should be designed to help independently confirm the interpretation of differences in outgrowth efficiency observed in the transplantation assay. In its current form, the transplantation assay results in the same readout (i.e., impaired outgrowths) whether there is defective stem cell survival, decreased stem cell frequency, inability to recapitulate the stem cell niche and/or abnormal (*Note that it is not possible to directly compare absolute stem cell frequencies reported between different studies and laboratories, often performed in different mouse strains, to assess the relative purity of these enriched populations. Indeed, variations in cell surface marker expression, e.g., CD61, have been reported in different mouse strains (Shehata et al. 2012 ). This will require more stringent single cell analyses and direct comparisons in the same mouse strain.)
Pathways regulating MaSCs
The ovarian hormones estrogen and progesterone underlie many of the instructive cues guiding development and tissue homeostasis within the mammary gland (Brisken & O'Malley 2010) . Whether during bursts of proliferation in puberty and pregnancy, or simply during fluctuations within the estrous cycle, estrogen and progesterone enlist the assistance of multiple signaling pathways to regulate the coordinated efforts of the epithelial hierarchy during stages of active morphogenesis and maintenance. The mere fact that MaSCs are ERa/PR K implies the requirement of paracrine mechanisms for MaSC regulation by hormones (AsselinLabat et al. 2006) . These paracrine mechanisms have long been appreciated, dating back to the discovery of ERa/PR C cells as the sensor cells necessary to relay proliferative cues to neighboring ERa/PR K cells (Mallepell et al. 2006 , Beleut et al. 2010 ), yet it remains unclear how certain pathways regulate an ever-changing epithelial landscape in the mammary gland.
One pathway touted as an indisputable regulator of self-renewal in stem cells is Wnt signaling (Clevers et al. 2014) . Several studies throughout the years have identified multiple Wnt ligands in the mammary gland, characterized by spatiotemporal specific patterns of expression (Gavin & McMahon 1992 , Kouros-Mehr & Werb 2006 . MaSCs clearly possess active Wnt/b-catenin-dependent signaling, as evidenced by Axin2 (Zeng & Nusse 2010) and 7TCF/Lef reporter activity (Roarty et al. 2015) . Axin2 reporter model, with ablation of Wnt4, not RANKL, severely impairing the regenerative capacity of the mammary epithelium together with Wnt/b-catenin activity, based on the serial transplantation of epithelial fragments. On the other hand, RANK signaling reinforced Wnt-responsiveness of mammary stem and progenitor cells through R-Spondin in a separate study (Joshi et al. 2015) . Though slightly inconsistent, the above studies collectively provide evidence for an integrated RANKL/Wnt network downstream of progesterone, instrumental for proliferative and self-renewal cues within the mammary epithelium. Additionally, alternative Wnt/ b-catenin-independent ligands, Wnt5a and Wnt5b, can negatively regulate Wnt/b-catenin signaling (Roarty et al. 2015) , and Kessenbrock et al. (2013) identified an indirect role for the metalloproteinase MMP3 in the regulation of MaSCs by inactivating Wnt5b function, thus extending our understanding of Wnt pathway biology as it relates to microenvironmental regulation of MaSC dynamics. Other factors within the microenvironment, such as the tissue inhibitors of metalloproteinases (TIMPs), can also instruct decisions of MaSC fate (Jackson et al. 2015) .
In collaboration with Wnt signaling, additional pathways also play an integral part in the establishment of cellular fate in the mammary gland. While the 
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Mammary epithelial cell hierarchy
The mammary epithelium is a bilayered structure that comprises the cytokeratin K5 C /K14 C basal or myoepithelial cell layer and the K8 C /K18 C /K19 C luminal cell layer. The basal compartment is thought to house both the aMaSCs and basal cells in a continuum of differentiation. Therefore, caution should be employed when interpreting stem cell phenotypes, as they maybe secondary to a broader impairment of basal cells. In addition, basal cells have contractile abilities that help the pumping of milk during lactation. The luminal cells in the mammary gland consist of ERa and PR-positive as well as -negative cells. A majority of the luminal progenitor cells are a subset of the ERa/PR K population and are thought to contain the alveolar progenitor subset (Fig. 1) .
Hormonal cues are the harbingers of developmental changes in the mammary gland and orchestrate a series of paracrine interactions between epithelial and stromal cell types to elicit phenotypic changes in the mammary gland. Despite the presence of ERa (Lemmen et al. 1999 ) and PR-positive cells in the embryonic mammary glands (Ismail et al. 2002) , hormone dependent morphological effects are primarily observed at and after the onset of puberty. ERa K/K mammary gland ducts fail to form TEBs and ramify in the fat pad (Mallepell et al. 2006 ) that act on MaSCs, thus indirectly regulating stem cell activity. Additionally, progesterone has been implicated in inducing vast changes to the epigenome of the luminal cell compartment that may underlie this paracrine effect (Pal et al. 2013) .
Several core regulators of the different mammary lineages have been identified. The transcription factor DNp63 is a master regulator of the basal/MaSC lineage that acts by potentiating Wnt signaling in this compartment (Chakrabarti et al. 2014 ). p63
C basal cells can additionally regulate secretion of Neuregulin1 and effect luminal progenitor differentiation and lactogenesis (Forster et al. 2014) . p53 has also been ascribed the role of a negative regulator of the MaSC pool and modulates stem cell division dynamics by controlling the proportion of asymmetric cell division to symmetric cell division in vitro using mammosphere assays (Cicalese et al. 2009 ). A separate study observed an expansion in the basal and luminal MaSC population in TP53 null mice (Chiche et al. 2013) . Whether this in vivo stem cell expansion is a direct consequence of increased symmetric cell divisions upon TP53 loss remains to be determined. Gata3 on the other hand is considered a master regulator of the mature mammary luminal lineage. Loss of Gata3 leads to the accumulation of CD61 C luminal progenitors (AsselinLabat et al. 2007) . A similar accumulation of progenitors is also observed upon in tissues displaying a Brca1 loss of function mutation (Lim et al. 2009 ). Alveolar differentiation is regulated in part by the ETS family transcription factor Elf5 in a prolactin hormone-dependent manner (Oakes et al. 2008) . Elf5 also seems to be a key regulator of basal to luminal cell fate decisions (Chakrabarti et al. 2012) . At what point between gestation and puberty the K8 C /K14 C embryonic bud cells diverge into basal and luminal specific lineages with their distinct transcriptional machinery and acquire their characteristic Notch and Wnt signaling polarity remains an outstanding question.
Lineage-tracing studies
In an attempt to study MaSC pools and their resultant progeny in their in vivo unperturbed stem cell niches, mammary gland biology has relied heavily on genetic lineage-tracing studies. These elegant studies, more recently combined with high-resolution 3D microscopy techniques, have helped uncover the spatial and temporal dynamics that exist within the mammary epithelial hierarchy. For a detailed current review of lineage-tracing methods in the mammary gland, see Sale & Pavelic (2015) . Many lineage-tracing studies have utilized tamoxifeninducible models, however results should be interpreted with caution in light of the now well understood effects of the ER antagonist on mammary gland homeostasis (Rios et al. 2014 .
Several lines of evidence suggest that basal MaSCs (some K5 C cells, Procr C cells) possess an inherent capacity for bipotency, i.e., they can act as precursors of both basal and luminal cells during different stages of development (Rios et al. 2014 ). This ability is particularly striking in the embryonic bud and during pregnancy (Axin2 C basal cells) whereas mammary tissue homeostasis in the adult primarily relies on unipotent stem cell division (K5 C , K14 C , aSMA C basal cells) (Van Keymeulen et al. 2011 , van Amerongen et al. 2012 , Prater et al. 2014 . Certainly, in the case of both Lgr5
C (De Visser et al. 2012 ) and Axin2 C MaSCs (van Amerongen et al. 2012), a stage-dependent influence on the lineage contribution by these particular MaSC populations exists. Notch2 receptor-driven Cre-based lineage tracing helped identify a novel putative cell population distributed periodically throughout the luminal mammary epithelial compartment that are hypothesized to potentially mark the epithelial branch points, but it is unclear if these are actually live cells that are detected since they do not conform to known mammalian cell or nuclear sizes (Šale et al. 2013) . Interestingly, luminal progenitor cells marked by an Elf5-driven Cre are unipotent in their ability to generate the luminal population alone (Rios et al. 2014) . Lineage tracing using WAP-driven Cre recombinase identified PI-MECs that are sustained through multiple rounds of pregnancy and repopulate alveoli in subsequent pregnancies with ERa/PR K cells (Boulanger et al. 2005) . Indeed, a recent study using a Notch1 receptor-driven Cre that marks ERa/PR K luminal progenitors in the adult mammary gland only gives rise to ERa/PR K differentiated luminal and alveolar cells (Rodilla et al. 2015) . The source and turnover of ERa/PR C cells remains hitherto unknown. Thus, lineage tracing has helped answer some very critical questions regarding the mammary epithelial cell hierarchy but has also generated intriguing new questions to be addressed (Fig. 1 ).
Cell(s) of origin in breast cancer
While genetic lineage-tracing studies have helped refine our understanding of mammary epithelial hierarchies, the broader question that still exists is which of these cell types can serve as the cell or cells of origin in the different subtypes of breast cancer. For an excellent recent review, see Visvader & Stingl (2014) . Several instances of basal bipotent stem cells giving rise to luminal cells have now been described; however, the reverse process, i.e., K8 C luminal cells giving rise to basal cells has never been observed in vivo in the normal mammary gland. Alterations in the tumor suppressor Brca1 were observed to result in abnormal luminal to basal differentiation (Proia et al. 2011) . Elegant studies have also shown that exogenous introduction of Slug alone could confer differentiated luminal cells with a basal cell fate. In addition, introduction of Slug together with Sox9 converted differentiated luminal cells into basal MaSCs with long-term reconstitution ability (Guo et al. 2012) . Additionally, a recent study using retroviruses to target Polyoma middle T and Her2 oncogenes specifically to the luminal epithelial compartment demonstrated unequivocal luminal to basal transdifferentiation upon oncogenic insult (Hein et al. 2015) . Along the same lines, acquiring properties of EMT reprograms cells to a more stem-like state (Mani et al. 2008) . Could such a transcriptional network be epigenetically favored during tumorigenesis? Alternatively, could basal cells increase their usage of bipotent cell division at the cost of unipotent cell divisions that are prevalent during mammary tissue homeostasis to amplify a progenitor pool that contributes to tumorigenesis? Is oncogeneinduced transdifferentiation of the luminal cells alone sufficient to explain the plasticity and heterogeneity observed in breast cancers?
The basal-like subtype of breast cancer is often triplenegative i.e., lacking ERa, PR and amplified Her2 and expresses basal cell markers (e.g., K5, K14, P-cadherin and Id4) (Vieira et al. 2012 , Prat et al. 2013 . This correlates with the profile in basal MaSCs, which were therefore intuitively thought to be a potential cell of origin for the basal-like tumor subtype. A model of Brca1 mutant basal tumors wherein Brca1 and p53 were altered in the luminal or basal cells alone using lineage specific Cre recombinases was employed to address this question. These studies showed that Brca1 and p53 conditional alterations in the luminal compartment reproduced the histogenesis of basal-like tumors more accurately than the same mutations in the basal compartment (Molyneux et al. 2010) . These data combined with the observation that there is an expansion in the luminal progenitor pool upon Brca1 loss suggests, but does not prove in the absence of direct lineage-tracing studies that luminal progenitors are likely to be the cell of origin for Brca1 mediated basal-like tumors (Lim et al. 2009 ). Another study focused on the cell of origin of the hormone receptor-negative pregnancy-associated breast cancer. The model utilized an RCAS retrovirus to target Her2 specifically in cells expressing the receptor for the retrovirus in WAP C alveolar cells (Haricharan et al. 2013) . The resultant tumors histologically resembled pregnancy-associated breast cancers and confirmed that alveolar luminal cells (potentially PI-MECs) could act as the cellular origin for this tumor. This latter model also has significant advantages over genetically engineered mouse models (GEMMs), as targeted mutations to a handful of cells parallels tumorigenesis in humans better as compared to GEMMs where large swathes of cells are affected that may bias results.
Given the multitude of lineage-tracing models that have shed light on normal mammary gland development, the elucidation of the cells of origin for breast cancer subtypes and the effect of cell-specific alterations in critical regulatory pathways is in short order. However, one caveat is that these studies will all be performed in GEMMs and the conclusions from these studies will still be inferential with respect to the cell of origin for the different human breast cancer subtypes.
Breast CSCs
Breast tumors show a great deal of intertumoral heterogeneity and are classified into several subsets with varied patient outcomes and implications for treatment. One model that has been used to explain this heterogeneity suggests that an epithelial hierarchy akin to that observed in the normal mammary gland exists in tumors.
This model places a cell described as a CSC or tumorinitiating cell, with self-renewal and differentiation abilities, on top of a hierarchy of cells that forms the tumor bulk. These CSCs have the ability to seed new tumors upon transplantation at limiting dilutions and can also be grown as mammospheres. CSCs are additionally proposed to be slow-dividing or quiescent (Pece et al. 2010) , which allows them a means to escape chemotherapy and seed tumor recurrence. This idea is cemented by the correlation that basal-like and claudin-low breast cancer subtypes that are often refractory to conventional therapy typically display an undifferentiated, stem cellenriched signature (Prat & Perou 2010) . The simplistic assumption is that targeting this CSC pool along with standard-of-care treatments may thus eliminate the tumor and the source of tumor recurrence.
The first clues suggesting the existence of CSCs came from studies by Al-Hajj et al. (2003) demonstrating that human breast cancer cells grown as xenografts contain a subset of CD44
C CD24 K cells with increased tumorigenic capacity when compared to the remaining population. Additionally, aldehyde dehydrogenase (ALDH) has been identified as a potential marker for human CSCs (Ginestier et al. 2007 ). Pertinently, a recent study shows that the CD44 C
CD24
K cells are distinct from the ALDH C CSCs with the former population representing a quiescent, mesenchymal-like population and the latter representing a cycling, epithelial-like CSC population . Studies using mouse-derived tumors identified different surface markers e.g., CD29
hi CD24 C for CSCs in TP53 null tumor models . These CSCs displayed resistance to radiotherapy and resulted in a model for combinatorial therapy using radiotherapy in conjunction with an Akt inhibitor that decreased survival and inhibited the Wnt/b-catenin pathway. These results suggest that targeting resistant CSCs in combination with standard therapies may have value (Zhang et al. 2010) . In other models, such as in the MMTV-Wnt1 model, the thymocyte antigen Thy1
C CD24 C population enriches for CSCs (Cho et al. 2008) . However, this seems to contrast with a recent study demonstrating that MMTV-Wnt1 basal-like tumor growth is strictly dependent on a luminal source of Wnt1 (Cleary et al. 2014) . One possibility that can explain this apparent discrepancy is that CSCs can divide asymmetrically to give rise to the luminal Wnt1-supporting population, analogous to the transplantation of a single normal MaSC that engenders its own niche. Furthermore, critical regulators of the basal/MaSC populations during normal development, such as DNp63, regulate CSCs through Hedgehog- (Maria et al. 2015) and Wnt-dependent pathways (Chakrabarti et al. 2014) . The lack of consistent markers of CSCs in different models has catalyzed an alternative approach, utilizing pathwayspecific reporters to identify a subset of cells with CSC-like properties. This method has successfully been utilized in some tumors using Wnt- (Zhang et al. 2010) and Stat3-specific reporters . Particularly using the Wnt pathway reporter, CSCs were identified that are resistant to radiotherapy through efficient DNA damage repair machinery (Zhang et al. 2010) . Other studies have focused on integrin signaling. Inhibition of focal adhesion kinase, which mediates integrin signaling, results in a decline in CSCs (Luo et al. 2013) . Several other pathways such as Notch and TGFb are actively being investigated. A multitude of targeted therapies are being developed in an attempt to specifically eliminate the CSC population, including Wnt (Blagodatski et al. 2014) and integrin antagonists (Goodman & Picard 2012) . These therapeutic strategies rely on the presence of an immutable CSC target, whereas the emerging evidence suggests that this may be an oversimplification.
The CSC state has been intertwined with the acquisition of EMT properties. This links CSCs with metastasis, thus creating additional challenges for the course of therapy. Human mammary epithelial cells undergoing EMT acquire CSC properties and similar to the normal mammary gland (Mani et al. 2008) , exogenous expression of EMT inducers can induce plasticity in the non-CSC pool allowing them to acquire CSC-like properties (Hollier et al. 2013) . However, EMT is not absolutely associated with the gain of stem cell properties. A deeper understanding of the dynamics and regulation of these processes will help inform treatment strategies in the future. The CSC hypothesis is now more complex than the simple linear model with a CSC situated on top of the hierarchy. One of the biggest challenges to this model is the issue of plasticity, potentially related to dynamic EMT processes. Several studies have now demonstrated that the non-CSCs can acquire CSC-like properties either as a result of genetic mutations resulting in dedifferentiation (Chaffer et al. 2011) or in a microenvironment-dependent manner (Iliopoulos et al. 2011 , Malanchi et al. 2012 ). The evolving model of tumorigenesis now departs from this single hierarchical model and incorporates a multi-clonal heterogenous perspective with continual crosstalk between the different populations. Thus, the revised CSC model is not mutually exclusive of earlier models of clonal evolution, and hypothesizes that there may be more than a single CSC population.
Heterogeneity of breast cancers: lessons from the mammary epithelial hierarchy
The emergence of high-throughput technologies has helped classify breast cancers into at least five molecular subtypes based on the analysis of gene expression patterns among individual tumors, paving a new path in the subclassification of breast cancers and the immense heterogeneity present within them (Perou et al. 2000 , Sorlie et al. 2001 . These intrinsic subtypes, commonly referred to as Luminal A, Luminal B, HER2-enriched, basal-like, claudin-low and normal breast-like, are also recapitulated in several GEMMs, highlighting their utility in providing an additional toolbox for unraveling the complexities surrounding tumor heterogeneity (Herschkowitz et al. 2007 , Pfefferle et al. 2013 . The convergence of developmental and cancer biology fields occurred upon the identification of similarities between the transcriptional profiles of the intrinsic subtypes and individual epithelial subpopulations of the normal breast (Prat & Perou 2010) . Intriguingly, the luminal progenitor fraction of the normal breast epithelium exhibited striking similarities in gene expression to that of the basal-like subtype of breast cancers (Lim et al. 2009 ), indicating that the luminal progenitor might be the cell-of-origin for BRCA1 mutant carriers (Molyneux et al. 2010) . The aMaSC signature, on the other hand, correlated with the claudinlow and normal breast-like subtypes, while the mature luminal signature was closely associated with Luminal A and B subtypes. The overlap in aMaSC and claudin-low signatures corroborates other studies that demonstrate mesenchymal features of this particular subtype (i.e., lack of claudins and tight junctions) and the fact that an EMT confers the transition of a cell to an undifferentiated stemlike state (Mani et al. 2008 , Taube et al. 2010 . While most studies rely on the alignment of the adult human epithelial hierarchy to breast cancer subtype, Spike et al. (2012) identified a signature from the isolation of the murine embryonic MaSCs that showed significant enrichment of the fMaSC signature in basal-like and Her2 C tumors. A separate study also demonstrated that embryonic mammary signature subsets were enriched in basal-like breast cancers and those of BRCA1-null murine tumors (Zvelebil et al. 2013) . Collectively, these data may implicate the potential cell of origin for a particular subtype based upon the association with a lineagerestricted gene signature. Alternatively, they may simply reflect the differentiation status of a given tumor, which correlates with a defined epithelial subpopulation within the hierarchy. Future lineage-tracing studies will likely resolve these outstanding questions. Nonetheless, the identification of subtype specificity mirroring the normal breast epithelial cell hierarchy is an intriguing correlation.
Aside from the molecular signatures of epithelial cell types instructing the biology and heterogeneity present within breast cancers, these signatures have potential clinical applications with respect to breast cancer etiology, prognostic capabilities and therapeutic insights. For instance, Pfefferle et al. identified consensus mouse and human signatures across multiple independent datasets and compiled 'enriched' and 'refined' signatures of the epithelial subpopulations to determine whether certain characteristics derived from the normal epithelial hierarchy could predict a pathologically complete response (pCR) of breast cancer patients to neoadjuvant chemotherapy (Pfefferle et al. 2015) . Indeed, both 'refined' LumProg-HsEnriched signatures and one 'refined' fMaSCMmEnriched signature were capable of predicting pCR across all breast cancer patients analyzed. Additionally, the prognostic application of a different aMaSC signature derived from FACS-sorted mouse epithelial cells on the basis of CD24 C lowSca1 K CD49f high c-Kit K , was used to predict the likelihood of triple-negative breast cancers (TNBCs) to metastasize (Soady et al. 2015) . Unlike Pfefferle et al., this aMaSC signature was enriched in the normal-like instead of claudin-low subtype, suggestive of differences present within the aMaSC signatures derived. Although not all lineage-restricted epithelial gene expression patterns possess prognostic capabilities, signatures defining the aMaSC-associated claudin-low group were enriched in residual tumors following either endocrine therapy or chemotherapy in the neoadjuvant setting, implying that resistant disease may involve an EMT-like aMaSC/ claudin-low population exhibiting less differentiated characteristics (Creighton et al. 2009) . Collectively, such studies emphasize the value of understanding the normal developmental hierarchy to provide a foundation for unraveling subtype specificity and heterogeneity in breast cancers.
The mammary epithelial hierarchy can inform on many aspects of subtype specificity (i.e., intertumoral heterogeneity); however, the transcriptomic profiles of breast cancers fail to take into account the intratumoral heterogeneity present within a given tumor. With the advent of massive parallel sequencing, the heterogeneous landscape present within tumors can be interrogated with greater resolution (Banerji et al. 2012 , Ellis et al. 2012 , Shah et al. 2012 , Stephens et al. 2012 , TCGA 2012 . For instance, from a subtype-specific stance, basal-like tumors possess a transcriptional signature similar to the luminal progenitor population of the normal hierarchy (Lim et al. 2009 ); however, basal-like tumors harbor a greater mutational repertoire and intratumoral heterogeneity relative to non-basal-like tumors within TNBCs (Shah et al. 2012) , inferring an inherently more complex tumor architecture among the basal-like subtype. Aside from the mutational repertoire and identification of driver and passenger mutations, an outstanding question lies in how mosaic networks of cells, likely representing some degree of hierarchical organization, cooperate within a given tumor. Thus, investigation of the heterogeneous cell populations present, along with the pathways regulating these, is another approach to identify and target specific cell clones. Recently, Cleary et al. (2014) , discovered interclonal cooperation between Hras-mutant basal cells and Wnt1-secreting luminal cells of the MMTV-Wnt1 transgenic model, suggesting that even cells with inferior fitness can provide a supportive role in an ever-changing tumor landscape. Along the same lines, in a TP53null transplantable murine model, which accurately reflects the heterogeneity and subtype-specificity of human breast cancers (Herschkowitz et al. 2012) , mesenchymal-like niche cells and tumor-initiating cells were found to cooperate within a diverse cellular landscape, where the niche factors Wnt2 and CXCL12 were secreted by the mesenchymal cells and required by the tumor-initiating cells to sustain tumor growth (Zhang et al. 2015) . Collectively, these data highlight the importance of not only identifying the cellular constituents within a given tumor, but also the signaling pathways required by specific cell populations to propagate the inherent heterogeneity observed. Unraveling this complexity may provide new insights into the mechanisms driving metastatic behavior of particular subpopulations and the ability of some of these subpopulations to resist therapy.
Discussion
Progress over the last decades in gathering a nuanced understanding of mammary gland biology has greatly honed our research approach to tackle the challenges of breast cancer. Markers of different epithelial subpopulations and stem cells are continually being refined. Notwithstanding, use of these markers in a lineage-tracing setting would allow us a window into early tumorigenesis that may prove essential to our understanding of the cellular dynamics in tumors. Additionally, the identification of pathway-specific regulators of these subpopulations could help provide an opportunity to gain a better grasp of potential mediators inter-and intratumoral heterogeneity among breast cancers. Importantly, as the evidence emerges for multiple clonal populations in tumors that mutually communicate and depend on each other, similar to the heterotypic interactions in the normal mammary gland, an exciting prospect is that targeting this critical communication would starve the interacting clones and thus impede tumor progression. Moving forward, this crosstalk may partially be deconstructed based on our understanding of the paracrine mechanisms that orchestrate normal homeostasis. Intrinsic to this problem is also determining the fitness of several combinatorial clones and if specific clonal populations are selected for during metastasis or post-treatment. A number of outstanding questions remain to be addressed. observed in breast cancer subtypes specify fitness in a handful of clones in heterogeneous tumors? Do these clones evolve stochastically or coordinately as an ecosystem? 6) How does the heterogeneous landscape of a metastasis relate to that observed in the primary tumor? Are these differences primarily due to genetic selection or epigenetic regulation by microenvironmental pressures at the secondary site?
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